A confirmation of the long-standing muon g-2 discrepancy requires both experimental and theoretical progress. On the theory side, the hadronic corrections are under close scrutiny, as they induce the leading uncertainty of the Standard Model prediction. Recently, the MUonE experiment has been proposed at CERN to provide a new determination of the leading hadronic contribution to the muon g-2 via the measurement of the differential cross section of muon-electron scattering. The precision expected at this experiment raises the question whether possible new-physics (NP) could affect its measurements. We address this issue studying possible NP signals in muon-electron collisions due to heavy or light mediators, depending on whether their mass is higher or lower than O(1GeV). We analyze the former in a model-independent way via an effective field theory approach, whereas for the latter we focus on scenarios with light scalar and vector bosons. Using existing experimental bounds, we show that possible NP effects in muon-electron collisions are expected to lie below MUonE's sensitivity. This result confirms and reinforces the physics case of the MUonE proposal.
I. INTRODUCTION
The long-standing muon g-2 discrepancy is one of the most intriguing hints of New Physics (NP) emerged so far in particle physics. On the experimental side, the new E989 Muon g-2 experiment is presently running at Fermilab and is expected to improve the current precision by a factor of four [1] . In addition, a completely new low-energy approach to measuring the muon g-2 is being developed by the E34 collaboration at J-PARC [2] . On the theory side, considerable effort is being expended to reduce the uncertainty in the Standard Model (SM) prediction, which is dominated by the hadronic corrections.
The leading order hadronic contribution to the muon g-2, a HLO µ , has been traditionally computed via a dispersion integral using hadronic production cross sections in electron-positron annihilation at low energies [3] [4] [5] . Alternative evaluations of a HLO µ can be obtained via lattice QCD calculations [6] . A few years ago, a novel approach has been proposed to determine a HLO µ measuring the leading hadronic contribution to the effective electromagnetic coupling, ∆α h (q 2 ), for spacelike squared fourmomentum transfers q 2 = t < 0, via scattering data [7] . The elastic scattering of high-energy muons on atomic electrons was then identified as an ideal process for this measurement, leading to the proposal of the MUonE experiment at CERN to extract ∆α h (t) from the µe scattering differential cross section [8] . For this new a HLO µ determination to be competitive, the shape of the µe differential cross section must be measured with a systematic uncertainty of O 10 −5 , or better, close to the kinematic endpoint [9] .
In order to extract ∆α h (t) from MUonE's precise µe scattering data, possible contaminations from NP effects must lie below the expected experimental resolution of O 10 −5 . At the energy scale of the MUonE experiment, of O(1GeV), the leading order (LO) QED prediction for the µe scattering differential cross section dσ 0 /dt, due to the t-channel exchange of a photon, dominates the SM prediction. At these energies, the weak interactions can be described by the Fermi theory and their leading correction to dσ 0 /dt is |δ Z | ∼ |t G F /4πα √ 2| 10 −5 , where G F and α are the Fermi and fine-structure constants. As this correction is barely within MUonE's reach, the SM weak contribution to µe scattering can be viewed as a benchmark to establish whether NP effects can be visible at the MUonE experiment. If NP lies at a scale Λ ∼ TeV, we expect that δ NP /δ Z ∼ G NP /G F , where G NP ∼ g 2 NP /Λ 2 and g NP is a typical NP coupling. As a result, |δ NP | 10 −5 typically implies a strongly coupled NP sector. Nevertheless, NP effects of electroweak size are not implausible. In fact, the observed muon g-2 discrepancy ∆a µ = a EXP µ −a SM µ = 280(74)×10 −11 [3, 10] can be accommodated invoking a NP effect of the same size as the SM weak contribution ∼ 5 G F M 2 /24 √ 2π 2 , where M is the muon mass. It is therefore crucial to understand whether a NP contribution able to solve the muon g-2 anomaly is also polluting the extraction of ∆α h (t) at the MUonE experiment. In this article we consider possible signals of NP in µe collisions due to heavy or light mediators, depending on whether their mass is higher or lower than O(1GeV), the energy scale of the MUonE experiment. In the former case, we employ an effective field theory (EFT) formalism focusing on the most general effective Lagrangian invariant under the electromagnetic gauge group. In order to evaluate the low-energy predictions of this Lagrangian, we take into account the running effects from the NP scale Λ down to O(1GeV) by using standard renormalisation group equation (RGE) techniques. After calculating the NP corrections to the µ ± e − → µ ± e − differential cross section, we evaluate the correlated corrections to the total cross section and forward-backward asymmetry of the process e + e − → µ + µ − , in order to establish the room left to NP in µe scattering once the experimental bounds on these observables are taken into account. Moreover, we show that four-lepton operators can generate leptonic dipoles, in particular the electron g-2 and electric dipole moment (EDM) which are tightly constrained experimentally. We conclude our heavy mediator analysis studying lepton flavor violating (LFV) effects in µe collisions such as the process µ + e − → µ − e + , which is correlated with the muonium-antimuonium oscillation.
We finally turn our attention to light NP mediators, which cannot be analyzed in the same modelindependent fashion employed for the heavy NP ones. Here we focus on popular scenarios containing either light (pseudo)scalars, referred to as axion-like particles (ALPs), or light (axial)vector bosons, such as the socalled dark-photons and light Z . Using existing direct and indirect bounds on masses and couplings of these light particles, we establish the maximum sizes of these light NP effects allowed in µe collisions.
II. SM CROSS SECTION AND EXPERIMENTAL SENSITIVITY
The leading order SM prediction for the differential cross section of the elastic scattering
where m (M ) is the electron (muon) mass, {s, t, u} are the Mandelstam variables satisfying s + t + u = 2m 2 + 2M 2 , a θ = 4s 2 θ − 1, s 2 θ ≈ 0.22 is the squared sine of the weak mixing angle, λ(x, y, z) = x 2 +y 2 +z 2 −2xy −2xz − 2yz is the Källén function, and
Equation (2) is the LO QED prediction, while the term δ ± Z is the LO correction induced by the exchange of a Z boson for |q 2 | M 2 Z . In a fixed-target experiment where the electron is initially at rest, E µ is the energy of the incoming muons or antimuons, and E is the electron recoil energy, the Mandelstam variables s and t = q 2 are given by
t min < t < 0, t min = −λ(s, M 2 , m 2 )/s.
It is also convenient to define the variable
with β = (1 − 4M 2 /t) 1/2 . For E µ = 150 GeV, which is a typical energy available at the M2 beam line in CERN's North Area, s = 0.164 GeV 2 , −0.143 GeV 2 < t < 0 and 0 < x < 0.932. For these values of s and t, the Z boson correction δ + Z is negative, δ − Z is positive, and 0 < |δ ± Z | < 1.5 × 10 −5 , with δ ± Z = 0 for t = 0. As the MUonE experiment is expected to measure the shape of the differential cross section with a relative uncertainty of O(10 −5 ) or better close to the endpoint t = t min , the maximum Z boson effect is expected to be comparable with the experimental uncertainty. The tiny correction to Eq. (1) induced by the exchange of a Higgs boson of mass M H is further suppressed by a factor of O(m 2 M 2 /tM 2 H ) with respect to δ ± Z and is therefore negligible. Next-to-leading order (NLO) QED corrections to Eq. (2) were computed long time ago in [11] [12] [13] [14] [15] [16] [17] , with various approximations, and revisited in [18] . The complete calculation of the full set of NLO QED and electroweak corrections, with the development of a fully differential fixed order Monte Carlo code, was completed in [19] . The next-to-next-to-leading order (NNLO) QED corrections to µe scattering are under investigation [20] [21] [22] [23] [24] [25] . The resummation of classes of higher order QED corrections enhanced by large logarithms will be mandatory to match MUonE's extremely high accuracy [8] . The leading hadronic corrections to Eq. (2) are given by
For E µ = 150 GeV, 2∆α h (t) reaches the maximum value of 2.1 × 10 −3 at t = t min = −0.143 GeV 2 . The NNLO hadronic corrections to µe scattering were recently computed in [26, 27] . The collision of positive muons and electrons can also lead to the production of neutrino-antineutrino pairs via the process µ + e − → ν eνµ . For squared fourmomentum transfers much smaller, in absolute value, than the squared W -boson mass, this SM cross section is, neglecting terms of O(m 2 /s), G 2 F M 2 + 2s /12π. For E µ = 150 GeV, it leads to a tiny 4.8×10 −10 µb, while the LO QED elastic cross section for the same value of E µ and E > 1 GeV is σ 0 = 245µb. This process is therefore negligible at the MUonE experiment.
The MUonE experiment is expected to determine ∆α h (t) in a kinematic region relevant to calculate the leading hadronic contribution to the muon g-2. In particular, this quantity will be extracted from the shape of the differential µe scattering cross section by a template fit method [9] . The basic idea is that ∆α h (t) can be obtained measuring, bin by bin, the ratio (N i /N n ) ± (as earlier, the superscript ± refers to µ ± beams), where N i is the number of scattering events in a specific t-bin, labeled by the index i, and N n is the number of events in the normalization t-bin corresponding to x(t) ∼ 0.3 (for this value of x, ∆α h (t) is comparable to the experimental sensitivity expected at MUonE and its error is negligible). Therefore, this measurement will not rely on the absolute knowledge of the luminosity. To extract the leading hadronic corrections to the µe scattering cross section in the t-bin i, let us split the theoretical prediction into
where σ 0,i = i (dσ 0 /dt)dt is the LO QED prediction obtained integrating Eq. (2) in the t-bin i, 2∆α h,i is the leading hadronic correction obtained from Eq. (9), δ ± i is the remainder of the SM corrections, and δ ± NP,i is a possible NP contribution. The experimentally measured ratio (N i /N n ) ± can then be equated with the ratio of the theoretical predictions,
As ∆α h,n is known with negligible error, if (11) shows that the impact of the SM corrections on this extraction can only be established after subtracting their value in the normalization region. From Eq. (11) we can also conclude that the MUonE experiment will not be sensitive to a NP signal constant in t relative to the LO QED one, i.e. such that δ NP,i = δ NP,n .
III. HEAVY NEW PHYSICS MEDIATORS
In this Section we consider possible heavy NP effects in low-energy collisions of positive and negative muons with electrons. The masses Λ of the mediators are assumed to be much larger than O(1GeV), so that an EFT approach is appropriate to encode the leading NP contributions.
A. Effective Lagrangian
The most general effective Lagrangian for charged leptons invariant under the electromagnetic gauge group can be written, up to dimension-6 effective operators, as [28] 
where p, r, s, t are flavor indices. The dipole operators can contribute to µe scattering by means of a double operator insertion. However, taking into account the tight experimental constraints on leptonic dipole moments, we find that they can be safely neglected in our study. Similarly, we neglected four-fermion semileptonic operators as they can contribute to µe scattering only at the oneloop level through the generation of four-lepton operators already present in Eq. (12) . In principle, also the operator (ν µL γ µ µ L )(ē L γ µ ν eL ) could contribute indirectly to µe scattering, as it affects the extraction of G F from the muon decay rate. However, such a NP shift of G F is tightly constrained experimentally (for instance from τ decay data [38] ) and it is therefore irrelevant for µe scattering. Moreover, we remark that the Lagrangian in Eq. (12) captures both the tree-level effects induced by the exchanges of heavy mediators, as well as their loop corrections (vertex corrections, vacuum polarization insertions and box effects) to the QED amplitude. Further selecting the relevant flavor structures for µe scattering and using Fierz identities, we obtain a lepton flavor conserving (LFC) Lagrangian
which contributes to the LFC process µ ± e − → µ ± e − , and a purely lepton flavor violating (LFV) Lagrangian
which violates the electron and muon family numbers by two units (while preserving the total lepton number), thus generating the process µ + e − → µ − e + . The dimensionless coefficients a k (k = 1, . . . , 10) are real, while b l (l = 1, . . . , 5) are complex. Allowing for a more general flavor structure, we could generate the additional LFV processes µ ± e − → e ± e − [29, 30] and µ ± e − → µ ± µ − [31] , which are however strongly constrained by the µ → 3e and µ → eγ experimental bounds [32] [33] [34] [35] . Therefore, since our aim is to maximise NP effects in µe scattering, hereafter we will focus on the effective Lagrangians of Eqs. (13) (14) .
The low-energy contributions induced by the above Lagrangians, which are defined at the scale Λ 1GeV, can be evaluated only after taking into account the running effects from the scale Λ down to O(1GeV). By using standard RGE techniques, this procedure amounts to replacing the above Lagrangians L with L + δL, where δL stems from QED loop-induced effects. We evaluated the full one-loop expression of δL and found that the most relevant phenomenological effects stem from the dipole operators
where µ is the renormalization scale and the corresponding δL µ for the muon is obtained from Eq. (15) simply replacing e → µ and M → m [36] . As we will see, δL = δL e + δL µ generates contributions to the g-2 and electric dipole moments of the muon and electron, so that the coefficients a 3,4 will be tightly constrained.
We remark that if NP lies above the EW scale, our effective Lagrangian must be invariant under the full SM gauge group and not only under the electromagnetic U (1), as assumed so far. Therefore, in this case, the conclusions that will be drawn below can be regarded as conservative.
Before studying the phenomenological implications of the above Lagrangians, let us discuss the theoretical bounds arising from perturbativity and unitarity. In particular, perturbativity requires that |a k |, |b l | 16π 2 , where the upper bound is saturated for a maximally strong regime. Instead, the unitarity bounds read
where η k,l are positive O(1) coefficients. In practice, given an experiment running at an energy √ s, the Wilson coefficients of our four-fermion effective Lagrangian, i.e. a k /Λ 2 and b l /Λ 2 , cannot be arbitrarily large and must satisfy the constraint of Eq. (16) .
The leading corrections induced by L LFC to the LO QED differential cross section dσ 0 /dt are given by
where, defining z + = s, z − = u,
and the coefficients a S,T,V,A are defined as a S = a 1 + a 5 , a T = a 3 , a V = a 7 + a 8 + a 9 + a 10 , a A = a 7 + a 8 − a 9 − a 10 .
Terms of order (t/Λ 2 ) 2 or suppressed by a 2 θ ≈ 10 −2 were systematically neglected in Eq. (18) .
The leading contribution induced by the exchange of a heavy scalar (pseudoscalar) mediator is obtained from Eqs. (18) (19) setting a 1 = a 5 (a 1 = −a 5 ) and a k = 0 ∀k = 1, 5. Therefore, for a heavy scalar, δ ± LFC depends only on the parameter a S whereas, for a heavy pseudoscalar, δ ± LFC = 0. For example, for the SM Higgs boson with mass M H , it is Λ 2 = 1/( √ 2G F ) and a S = 2mM/M 2 H . The leading effect of a heavy vector (axial) boson is given by Eqs. (18-19) with a 7 = a 8 = a 9 = a 10 (a 7 = a 8 = −a 9 = −a 10 ) and all other a k = 0. Therefore, for a heavy (axial) vector, δ ± LFC depends only on the parameter (a A ) a V . The correction δ ± Z , Eq. (3), induced by the exchange of a Z-boson for |t| M 2 Z , is obtained from Eqs. (18) (19) 
The coefficient a T is introduced by spin-1 tensor interactions. Spin-2 interactions are not described by the Lagrangian L LFC as they require dimension-8 effective operators.
A necessary condition for NP to affect the mesurements of the MUonE experiment is that they are larger than the expected experimental resolution of O 10 −5 . Barring large accidental cancellations among the a S,T,V,A contributions to δ ± LFC , at MUonE's energies this implies
Pure (pseudo)scalar and tensor quadratic effects are of order (a X t/4πα) 2 /Λ 4 (X = S, P, T ) and are not suppressed by the electron and muon masses. We find that these coefficients a X are subject to bounds comparable to those in Eq. (21) . The theoretical bounds from perturbativity and unitarity (see Eq. (16)), as well as the constraints imposed by the leptonic dipole moments, which will be discussed shortly, forbid any significant effect in µe scattering arising from a S,T . From now on we will therefore safely set a S = a T = 0. Under these assumptions we note that the couplings a V and a A can be probed separately by defining, at the endpoint t = t min , the two observables
where we safely set m = 0 in Eq. (23). As we will see in the next Section, a V and a A are constrained by the cross section and forward-backward asymmetry of the process e + e − → µ + µ − .
C. Heavy NP in e + e − → µ + µ − The four-lepton effective Lagrangian L LFC also contributes to the process e + e − → µ + µ − . If we consider center-of-mass energies √ s much larger than M , so that both electron and muon masses can be neglected, the total cross section for this process is
while the forward-backward asymmetry reads
where the functions r(s) and d(s) are given by
Notice that in the NP contributions of Eqs. (24-25) we neglected terms of order (s/Λ 2 ) 2 as well as terms suppressed by a θ = 4s 2 θ − 1 ≈ −0.1. The most stringent bounds on NP effects in σ(e + e − → µ + µ − ) and A FB are set by the LEP-II data [39] :
where the ratios refer to the mean values in the energy range 130 ≤ √ s ≤ 207 GeV. Imposing the above experimental bounds at the 2σ level, we find that
for Λ much larger than the LEP-II energies, which is not compatible with the requirement of visible NP effects in µe scattering, see Eq. (20) .
We now turn to possible NP at or below the electroweak scale. Since the EFT approach is valid as long as √ s Λ, LEP-II data can no longer be used for this analysis. However, we can still rely on low-energy data from PEP [40] , PETRA [41] , and TRISTAN [42] , which ran at the center of mass energies 
showing that, in this approximation, a A and a V are separately probed by A FB and σ (e + e − → µ + µ − ). We find that PEP data imply the bound δ ± LFC 10 −5 , which is trustable only for Λ 100 GeV since the EFT approach breaks down for lower values of Λ.
On the other hand, new particles with masses below ∼ 100 GeV are disfavoured by direct searches at LEP. Moreover, at tree-level, the effective couplings a V and a A can only be induced by the exchange of a vector boson U with the vector and axial-vector couplings to leptons g V¯ γ µ U µ and g A¯ γ µ γ 5 U µ . In this case, Eqs. (24) (25) can still be used replacing a X /Λ 2 → 4g e X g µ X /(s − M 2 U ), where X = V, A. Imposing the LEP-II bounds of Eqs. (29) (30) , we find that visible effects in µe scattering are excluded for Λ 40 GeV. Moreover, very stringent bounds on g e X g µ X are set by the LHC experiments for 10 M U 50 GeV, via the measurement of the branching fraction for Z decays to four leptons (electrons or muons) [43] , and by the BaBar experiment for M U 10 GeV [44] . As a result, we find that observable effects in µe scattering induced by NP lying below the electroweak scale are very unlikely.
D. Heavy NP and leptonic dipoles
The loop-induced Lagrangian δL e of Eq. (15) and the corresponding δL µ generate dipole moments for the electron and the muon. Adding the contributions from δL e to the one-loop diagrams shown in Fig. (1) , we find the following contribution to the electron g-2
where a 3 = a T , see Eq. (19) . Comparing the SM prediction a SM e [45] with the experimental measurement a EXP e [46] leads to ∆a e = a EXP e − a SM e = (−88 ± 36) × 10 −14 , where the latest atomic physics measurement of the fine-structure constant was employed [47] . NP contributions are therefore allowed up to |∆a e | 10 −12 [48, 49] . The Lagrangian δL e also generates an electron EDM
to be compared with the experimental bound d EXP e ≤ 1.1×10 −29 e cm [50] . Notice that after adding the two contributions for the leptonic dipoles shown in Fig. (1) , the dependence on the renormalization scale µ cancels, as physical observables are renormalization scale independent quantities. The predictions for ∆a µ and d µ can be obtained from Eqs. (34) and (35) , respectively, via the replacement M ↔ m. As a result, after taking into account the current experimental bounds on ∆a e and d e , it turns out that ∆a µ and d µ are irrelevant. The bound |∆a e | 10 −12 therefore prevents any possible NP contamination in µe scattering arising from tensor interactions, as shown by Eqs. (21) and (34) .
E. Heavy NP and LFV effects
We are now ready to analyse the phenomenological implications of the LFV Lagrangian of Eq. (14) . As we already pointed out in Sec. III A, this Lagrangian violates the electron and muon family numbers by two units, thus generating, for example, the processes e − e − → µ − µ − and µ + e − → µ − e + . While no relevant experimental bounds are available for these two processes, tight constraints are set by the exclusion limits on muoniumantimuonium oscillation Mu − Mu (Mu and Mu are the µ + e − and µ − e + bound states), a phenomenon predicted by Pontecorvo in 1957 [51] well before the discovery of the muonium in 1960 [52] .
As shown by Feinberg and Weinberg [53] , the time integrated probability for Mu−Mu oscillation reads
where Γ µ = m 5 µ G 2 F /192π 3 ≈ 3 × 10 −10 eV is the muon decay rate. The evaluation of the matrix element gives
where a 0 is the Bohr radius. The oscillation probability therefore reads 
Barring accidental cancellations in Eq. (38) , we obtain the following upper bounds
In order to check whether the bounds of Eq. (40) allow visible effects in µe collisions at MUonE, we computed the dominant contributions to the µ + e − → µ − e + differential cross section. In the limit |t| M 2 we find
where b l are the coefficients entering the Lagrangian L LFV of Eq. (14), while the dimensionless functions c 1,2,3 (s, t) and c 4,5 (s, t) are, at MUonE, at most of order O(10 −1 ) and O(1), respectively. Since NP contaminations of MUonE's measurements can only occur for δ LFV 10 −5 , we end up with the following conditions,
which are excluded by the experimental bounds on muonium-antimuonium oscillation by orders of magnitude, see Eq. (40) . As a result, we conclude that the extraction of ∆α h (t) at the MUonE experiment will not be affected by LFV effects.
IV. LIGHT NEW PHYSICS MEDIATORS
In this Section we consider the impact of light mediators, with masses of order 1GeV, on the low-energy µe scattering differential cross section. Since an EFT approach is not justified for this scenario, we proceed by specifying the spin and the interactions of the mediators with the SM particles. In particular, we discuss two benchmark scenarios with spin-0 or spin-1 dynamical particles. The former includes the case where the SM is supplemented by axion-like particles (ALPs), whereas the latter is representative of models with light Dark Photons or Z vector bosons.
A. Light axion-like particles
The most general Lagrangian describing the interactions of a spin zero particle Φ with leptons is (44) where C Φ R and C Φ L are flavor off-diagonal complex matrices which generally induce LFV [55] and CP violating effects. If we further impose that L Φ is both flavor and CP conserving, we recover the standard expression
where s (a) is a real scalar (pseudoscalar) field, while y s = Re(C s R + C s L ) and y a = Im(C a R − C a L ) . The µe scattering process receives both LFC corrections from the t-channel exchange of an s or a particle, as well as LFV contributions from t-and s-channel exchanges. The former provide the following shifts of the µe differential cross section
We note that the interference term with the leading QED contribution is present only when a scalar particle is exchanged, as already pointed out in Sec. III B. The most stringent bound on y Φe , with Φ = s, a, is set by the electron g-2 and reads
where we assumed that m e m Φ and |∆a e | 10 −12 . On the other hand, the muon g-2 as well as other lowenergy experimental constraints impose the limit [57] |y Φµ | 2 × 10 −3 ,
for m Φ smaller than a few GeV. The combination of Eqs. (48) and (49) therefore implies that y Φe y Φµ 10 −6 (m Φ /0.1 GeV). This bound leads to values of δ ±,Φ LFC in Eqs. (46) and (47) which are a few orders of magnitude below the resolution expected at MUonE. Moreover, we have checked that loop-induced vertex corrections arising from the couplings of Eq. (44) are always irrelevant after imposing the above experimental bounds. In principle we should also consider the couplings of Φ with photons. However, they contribute to µe scattering only at loop-level, and their effects are very suppressed once the electron and muon g-2 bounds are imposed [56] . Therefore, for light scalars and pseudoscalars with masses smaller than O(1GeV), the above LFC effects are not visible at the MUonE experiment. LFV effects are constrained by the experimental limit on muonium-antimuonium oscillation, see Eq. (39) , which implies the bound |(C Φ X ) ij | 10 −4 (m Φ /0.1 GeV), where X = L, R and i, j = 1, 2. The resulting δ ±,Φ LFV lies several orders of magnitude below the resolution expected at MUonE.
B. Light dark photons
Models with extra U (1) gauge groups are among the minimal and most studied extensions of the SM. In the so-called Dark Photon (DP) scenario, there is a kinetic mixing between the SM electromagnetic U (1) em and the new U (1). The relevant Lagrangian reads
where V µ and V µν are the DP field and field-strength, is a dimensionless parameter accounting for the kinetic mixing, m DP is the DP mass, and J µ em is the electromagnetic current. The shift of the µe differential cross section induced by L DP is simply
For m DP 1 GeV, the experimental limit on the kinetic mixing is 2 2 × 10 −7 [58, 59] . Therefore, for dark photons with masses smaller than O(1GeV) the upper bound is δ DP 4 × 10 −7 , a value well below the precision expected at MUonE. Moreover, this maximum δ DP value is obtained in the m 2 DP |t| limit, when the δ DP correction becomes constant and, therefore, undetectable at the MUonE experiment (see Sec. II).
C. Light Z vector bosons
Models with an underlying U (1) symmetry allow also direct couplings of SM particles with a new Z vector boson. In particular, we discuss here the case of a massive Z vector boson with mass m Z and leptonic couplings
where = e, µ. The above Lagrangian induces the following shift of the µe elastic cross section
where z + = s and z − = u. In contrast to the DP scenario, the constraints from hadronic colliders, beam dump and fixed target experiments are avoided by the Lagrangian L Z , and larger NP effects in µe scattering can therefore be expected. The most stringent experimental bounds on the product of the vector couplings g e V g µ V are due to the light vector boson searches in the reaction e + e − → γZ → + − γ (with = e, µ) at BaBar [60] and KLOE [61] . Although these analyses were performed in the context of DP scenarios, to a good approximation they also apply to our framework [62]. In particular, for 0.2 m Z 10 GeV, it turns out that g e V g µ V 10 −7 , whereas in the range 0.02 m Z 0.2 GeV, below the dimuon mass treshold, only the e + e − couplings can be constrained to (g e V ) 2 10 −7 [60] . From this information we can conclude that the shift induced by a new Z boson with purely vector couplings to electrons and muons, and mass in the range 0.2 m Z 10 GeV, is δ ± Z O(10 −6 ), i.e. below MUonE's sensitivity. Further constraints on the couplings g V,A are set by the leptonic g-2. Indeed, imposing the conditions |∆a e | 10 −12 , |∆a µ | 10 −8 (in our numerical analysis we use the full one-loop expressions of Ref.
[63]) and the BaBar limits [60] , we find that δ ± Z 10 −5 for m Z 0.2 GeV. Moreover, we have checked that loop-induced vertex corrections are always irrelevant after imposing the above experimental bounds.
Possible effects induced by LFV Z couplings to leptons are constrained by the experimental limits on muoniumantimuonium oscillation and the electron g-2. The resulting shift of the µe differential cross section lies several orders of magnitude below MUonE's expected resolution.
Contrary to the light vector boson searches discussed above, to the best of our knowledge, searches of light Z bosons with axial-vector couplings have not been performed so far. However, we expect that the bounds on g e V g µ V obtained in Refs. [60, 61] apply, to a good approximation, also to g e A g µ A .
V. CONCLUSIONS
The MUonE experiment has been proposed at CERN to determine the hadronic contribution to the effective electromagnetic coupling ∆α h (q 2 ) from precise µe elastic scattering data. In turn, this spacelike determination of ∆α h (q 2 ) will yield a new precise prediction for the leading hadronic contribution to the muon g-2. This new, clean and inclusive approach, alternative to the traditional dispersive method based on low-energy hadronic e + e − annihilation data, raises the question whether possible NP effects could contaminate MUonE's measurements at the level of its expected experimental resolution of O 10 −5 .
We investigated this problem considering possible signals of NP in µe collisions due to heavy or light mediators, depending on whether their mass is higher or lower than O(1GeV), the energy scale of the MUonE experiment. Heavy NP was analyzed by means of an effective field theory approach, considering the most general effective lagrangian invariant under the electromagnetic gauge group and containing operators up to dimensionsix. We computed the full set of NP corrections to the µ ± e − → µ ± e − differential cross section, finding contributions from scalar, tensor, vector and axial-vector interac-tions. Scalar and tensor effects were found to be highly suppressed by the electron and muon masses, and could only contaminate MUonE's precise measurements for exceedingly large Wilson coefficients which are excluded by perturbativity and unitarity bounds. Moreover, tensor interactions would generate additional contributions to the electron and muon dipole moments, which are severely constrained experimentally. Possible contaminations at MUonE from scalar and tensor interactions are therefore excluded. Pseudoscalar interactions do not interfere with the leading QED amplitude and, therefore, do not contribute at the level of dimension-six operators. On the other hand, vector and axial-vector interactions could in principle generate detectable effects for smaller and, therefore, more plausible Wilson coefficients. However, via an explicit calculation of the NP corrections to the total cross section and forward-backward asymmetry of the process e + e − → µ + µ − , we showed that existing experimental bounds disfavour any observable effect in µ ± e − → µ ± e − at MUonE. Our studies included possible LFV effects in µe collisions generated by the process µ + e − → µ − e + . These effects were shown to be negligible at MUonE, as they would otherwise induce muoniumantimuonium oscillations beyond the present exclusion limits.
Light NP was analysed specifying the spin and the interactions of the mediators with the SM particles. In particular, we studied benchmark scenarios with spin-0 and spin-1 dynamical particles. First, we focused on ALPs scenarios where the SM is supplemented by light (pseudo)scalars interacting with the leptons. For lepton flavor conserving interactions, we found that the bounds arising from the electron and muon g-2 force NP effects in µ ± e − → µ ± e − to lie well below MUoNE's expected sensitivity. Similar conclusions can be reached for LFV interactions, as the existing experimental bounds on muonium-antimuonium oscillation provide once again formidable constraints. We then moved to the so-called Dark Photon (DP) scenario, where a new light vector boson interacting with the SM photon through a kinetic mixing is introduced. We showed that the present experimental limits on the DP kinetic mixing restrict NP effects in µ ± e − → µ ± e − well below MUonE's expected resolution. Finally, we considered the scenario with light Z vector bosons interacting only with electrons and muons. Even in this less constrained case, possible contaminations of MUonE's measurements are disfavoured by the present exclusion limits set by direct searches and leptonic dipole moments.
In conclusion, we showed that it is very unlikely that NP contributions will contaminate MUonE's extraction of ∆α h (q 2 ) from the measurement of the µe scattering differential cross section. The physics case of the MUonE proposal is therefore confirmed and reinforced by the present study.
Note added. After completion of this work, we became aware of Ref. [64] which addresses the MUonE sensitivity to new light scalar or vector mediators able to explain the muon g-2 discrepancy. We reach similar conclusions on the points where our analyses overlap.
